Abstract Radioactive contamination with a gamma energy emission consistent with 65 Zn was detected in a glovebox following a vacuum thermal process. The contaminated components were removed from the glovebox and subjected to examination. Selected analytical techniques were used to determine the nature of the precursor material, i.e., oxide or metallic, the relative transferability of the deposit and its nature. The deposit was determined to be borne from natural zinc and was further determined to be deposited as a metallic material from vapor.
Zn was detected in process piping after a high temperature vacuum bake-out of components that were irradiated in a commercial light-water reactor. This contamination was isolated to several sections of piping and is a potential dose source for the facility workers. The piping was removed from the facility and a failure investigation was conducted so the source and form of the 65 Zn contaminants could be determined. The piping was examined visually and using an optical borescope and gamma spectroscopy. The pipe residue was investigated using inductively coupled plasma mass spectroscopy (ICP-MS), inductively coupled plasma emission spectroscopy (ICP ES), and transmission electron microscopy (TEM). The use of these techniques made it possible to ascertain that the deposit was adherent to the piping, the 65 Zn was a transmutation product of natural Zn, and the deposit occurred due to vapor phase transport.
Methods
During routine surveying of a radioactive buffer area in a nuclear facility, a slight increase of signal over baseline was detected. The radiation technician conducted a series of surveys and determined that the increase was due to a ''hot'' spot in the system piping. Subsequently, the radiation control office deployed personnel to conduct scans with generalized equipment and ultimately with a calibrated gamma scanner using a beam collimator. This task was undertaken to better identify the location of the more radioactive regions in the glovebox. The more radioactive piping was removed, packaged, and sent to the laboratory for examination. The piping sections, still in the protective packaging, were examined using a collimated beam gamma scanning unit with a high purity germanium detector coupled with a Canberra Genie2K. A series of blows from a rubber mallet was administered to the piping to determine if the contamination was lightly or relatively tightly adherent. The packaging was removed and the flanges were unbolted. A SeeSnake flexible borescope was then used to examine the internal surfaces for anomalies. Papers, commonly used for radiologic smear analysis, were used to try to remove surface contamination. These papers were gamma scanned to verify that they had contamination on them. One set of smears was used for ICP-MS and ICP ES and the other set was used for TEM examination. The MS samples were digested with acid and diluted for analysis. The TEM was used to examine the particle morphology and to determine the particle type and chemistry. Smears of the pipe and flex for TEM examination were rinsed with alcohol, and a drop of the dispersion was deposited on a carbon-covered copper grid (typical sample substrate for TEM) and examined at 930,000 magnification using a beam voltage of 200 kV. X-ray energy dispersive spectroscopy (XEDS) was used to capture chemistry data and electron diffraction patterns were taken of selected particles and features of the particles to determine the form (oxide or metallic) of the particles.
Results and Discussion Figure 1 shows the as-received condition of the piping section. The external surfaces of the pipe and flex line do not show evidence of degradation and are in a condition consistent with their operating environment in a glovebox. The internal surface of the elbow, the location at which the plant radiation control technician detected the elevated levels of contamination, is shown in Fig. 2 . The grinding marks and apparent deposit are indicative of fabrication conditions; no evidence of large deposits of debris from the vacuum furnace treatment is apparent.
Prior to opening up the bag and segmenting the pipe, the overall pipe section was examined using gamma scanning at approximately 2-in. segments. The results from this scan are indicated in Table 1 . The positions are indicated near the top flange of the elbow and are sequentially numbered. The high concentration at area 4 is consistent with the elevated content found by the facility radiation control technician.
The characteristics for material removal and possible transferability can be assessed by comparing far field gamma Fig. 4a-c. (a) XEDS spectrum from particle in Fig. 4a , (b) XEDS spectrum from particle in Fig. 4b , (c) XEDS spectrum from particle in Fig. 4c scan results in the as-received and post-smeared conditions. The piping segments exhibited an internal contamination level of 700 lCi prior to smearing and this was reduced to 274 lCi after smearing. This reduction of approximately one-third can be attributed to the removal of particles from the pipe sections. This result further suggests that the contaminants do adhere to the piping, but that they are transferrable. This simple assessment poses long-term concerns for the facility since the contaminants may migrate within the facility to areas where they pose significant challenges for the facility, in addition to problems for the product. One set of smear samples was digested for ICP-MS spectroscopy with the results indicated in Fig. 3 Fig. 3 have intensities that are close to the intensities expected from Zn with the natural isotopic abundances given above. This indicates 65 Zn formation due to the activation of natural zinc rather than from transmutation from copper, which if present would be seen in large peaks at masses 64 and 65 due to copper's two stable isotopes 64 Cu (48.63%) and 65 Cu (30.83%). Figure 3 also indicates that other possible transmutation sources are not present in the sample.
The smear samples prepared for the TEM exhibited several different particle morphologies. These are described based on the observed geometry and are shown in Fig. 4 . Some of the particles had a ''steel wool'' or bushy appearance and are indicated in Fig. 4a . XEDS of the particle indicates the presence of Zn, Ni, Mn, Cu, and C, as shown in Fig. 5a . As indicated above, the Cu and C are constituents of the grid on which the particles are suspended. The Ni and Mn are likely artifacts from the fabrication welds and smear techniques. The bush growth morphology has been reported in the literature by Coleman and Sears [1] who describe a situation where this growth morphology was achieved in a relatively dirty hydrogen environment. The description of ''bush'' and associated micrographs from Ref. 1 is seemingly consistent with image shown in Fig. 4a . Figure 4b exhibits a particle morphology that appears to be an agglomeration of short pellets or cylinders. The elemental constituents of this type of particle are shown in Fig. 5b . The particles contain Zn and O with Cu and C from the supporting grid. A long fibrous particle agglomeration was also found, Fig. 4c . It was also comprised of Zn and O as indicated in Fig. 5c . Thus, despite the change in gross morphology, the particles exhibit identical chemical constituents to those of the shorter cylindrical particles. Other researchers [2] [3] [4] [5] describe the formation of whiskers that are formed at low substrate temperatures where surface deposition is possible, but lateral growth is minimized. The spectra from the Zn all appear to exhibit anomalously high L x-ray energies. In order to determine if this was an analysis or sample preparation issue, an oxidized Zn standard was prepared and examined for comparison. These results showed that the L a and L b for Zn dominate the energy at about 1 KeV. Also, the oxygen peak is fairly low relative to the K and L x-ray energies or results that are similar to those obtained for the particles removed from the piping. Several electron diffraction patterns were also taken and analyzed. An electron diffraction pattern from the particle marked ''A'' shown in Fig. 6a is presented in Fig. 6b . The double spots near the center of the image were analyzed and found to correspond to the ½11 " 2 " 3 zone axis for both Zn and ZnO. Other diffraction patterns were analyzed which confirmed that other particles were comprised of both Zn and ZnO. Close examination of particle ''A'' in Fig. 6a shows the presence of what appears to be a 3-nm-thick oxide scale on the zinc particle ''whisker.''
Summary
Radioactive 65 Zn was removed from components irradiated in a commercial light-water reactor during a vacuum thermal process. The contamination was detected in piping contained in a glovebox. The 65 Zn deposits were analyzed using analytical methods and found to be borne from natural zinc. The deposits exhibited at least three morphologies from bushy to short cylinders to whiskers. The deposits are metallic zinc isotopes and the samples contained a thin oxide layer that could be resolved using TEM at 930,000 magnification.
